A truncated fragment of the nonmuscle myosin II-A heavy chain (NMHC II-A) lacking amino acids 1-591, ⌬N592, was used to examine the cellular functions of this protein. Green fluorescent protein (GFP) was fused to the amino terminus of full-length human NMHC II-A, NMHC II-B, and ⌬N592 and the fusion proteins were stably expressed in HeLa cells by using a conditional expression system requiring absence of doxycycline. The HeLa cell line studied normally expressed only NMHC II-A and not NMHC II-B protein. Confocal microscopy indicated that the GFP fusion proteins of full-length NMHC II-A, II-B, and ⌬N592 were localized to stress fibers. However, in vitro assays showed that baculovirus-expressed ⌬N592 did not bind to actin, suggesting that ⌬N592 was localized to actin stress fibers through incorporation into endogenous myosin filaments. There was no evidence for the formation of heterodimers between the fulllength endogenous nonmuscle myosin and truncated nonmuscle MHCs. Expression of ⌬N592, but not full-length NMHC II-A or NMHC II-B, induced cell rounding with rearrangement of actin filaments and disappearance of focal adhesions. These cells returned to their normal morphology when expression of ⌬N592 was repressed by addition of doxycycline. We also show that GFPtagged full-length NMHC II-A or II-B, but not ⌬N592, were localized to the cytokinetic ring during mitosis, indicating that, in vertebrates, the amino-terminus part of mammalian nonmuscle myosin II may be necessary for localization to the cytokinetic ring.
INTRODUCTION
In eukaryotic cells, the cytoskeletal tension generated by the dynamic interaction of actin and myosin has been implicated in the regulation of cell spreading (Sanders et al., 1999; van Leeuwen et al., 1999) , cell motility (Lauffenburger and Horwitz, 1996) , cell morphology (Paterson et al., 1990) , and cytokinesis (De Lozanne and Spudich, 1987; Fishkind and Wang, 1995) . There are at least three types of actin cytoskeleton: the cortical actin network, actin stress fibers, and actin that is involved in cell surface protrusions, including membrane ruffles and microspikes. Stress fibers are actin filament bundles emanating from the plasma membrane at focal adhesions, where clusters of integrin receptors bind to extracellular matrix proteins such as fibronectin and collagen. The assembly of myosin molecules into bipolar filaments has been shown to be necessary for the formation of actin stress fibers that are associated with focal adhesions (Verkhovsky et al., 1995 (Verkhovsky et al., , 1997 Burridge and Chrzanowska-Wodnicka, 1996) .
Conventional myosin in nonmuscle cells, also referred to as nonmuscle myosin II, is present as at least two different isoforms, II-A and II-B (Katsuragawa et al., 1989; Kawamoto and Adelstein, 1991) . Both isoforms are heterohexamers composed of a pair of heavy chains and two pairs of light chains. Each myosin heavy chain (MHC) contains two characteristic regions: a globular region at the amino terminus that catalyzes ATP hydrolysis and binds to actin to generate force and movement, and an ␣-helical carboxy-terminal tail region responsible for the formation of an extended parallel coiled-coil and the assembly of bipolar myosin filaments. The two pairs of light chains are situated at the neck junction between the motor and tail domain and are thought to be involved in regulating myosin-actin interactions and ATPase activity (for review, see Sellers, 1999) .
Previous studies revealed that the two isoforms of nonmuscle myosin, II-A and II-B, showed differences in their biological properties and intracellular localization, indicating that each isoform might perform different cellular functions (Maupin et al., 1994; Kelley et al., 1996; Kolega, 1998) . Recently, mice lacking nonmuscle myosin II-B were generated and found to develop defects in both the heart and brain during embryonic development, suggesting an important role for NMHC II-B in these two organs (Tullio et al., 1997) . However, less is known about the specific functional roles of nonmuscle myosin II at a cellular level.
To understand the function of nonmuscle myosin II in cultured mammalian cells, we made use of the HeLa Tet-Off system (Clontech, Palo Alto, CA). This allowed us to regulate the expression of the protein in a reversible manner. Of note is that the HeLa cell line used in these experiments expressed only NMHC II-A (in contrast to both NMHC II-A and NMHC II-B), which simplified the system under study. We selected three different amino-terminal green fluorescent protein (GFP)-fused constructs for stable expression: fulllength NMHC II-A, full-length NMHC II-B, and a truncated version of NMHC II-A lacking amino acids 1-591. The purpose of this last construct was to delete the motor domain but still retain the ability of the construct to be incorporated into the endogenous myosin filaments. Here we report that the truncated NMHC acts as a dominant-negative fragment, interfering with the myosin filaments and disrupting focal adhesions that result in alterations in HeLa cell morphology. Despite disruption of the cell morphology, these HeLa cells were able to undergo mitosis because, in contrast to the endogenous myosin, the truncated NMHC did not localize to the cleavage furrow during cytokinesis.
MATERIALS AND METHODS

Plasmid Construction
The cytomegalovirus promoter in pEGFP-C 3 (Clontech) was replaced by a tetracycline-responsive promoter that was amplified from pTRE (Clontech) by using polymerase chain reaction (PCR). The resulting plasmid vector was designated as pTRE-GFP. A DNA fragment encoding amino acids 1-1337 from NMHC II-A (Toothaker et al., 1991) was amplified and subcloned into the multiple cloning site (HindIII/EcoRI) of pTRE-GFP to generate pTRE-GFP-HA5Ј. A second DNA fragment encoding amino acids 1338 -1961 of NMHC II-A was amplified from pNMHCM2 described in Saez et al. (1990) and subcloned into an EcoRI/blunted-BamHI site in pTRE-GFP-HA5Ј, generating pTRE-GFP-NMHC II-A. To generate pTRE-GFP-⌬N592, pTRE-GFP-NMHC II-A was digested with BamHI and the purified larger fragment was rendered blunt and self-ligated. To generate pTRE-GFP-⌬C170 encoding amino acids 1-1791, pTRE-GFP-NMHC II-A was digested with AflII/SpeI and the purified larger fragment was rendered blunt and self-ligated. pTRE-GFP-NMHC II-B was generated by subcloning a DNA fragment containing full-length NMHC II-B (Simons et al., 1991; Phillips et al., 1995) into the EcoRI/SacII site of pTRE-GFP. For convenience, pTRE-GFP-NMHC II-A, pTRE-GFP-⌬N592, pTRE-GFP-⌬C170, and pTRE-GFP-NMHC II-B will be referred to as GFP-NMHC II-A, GFP-⌬N592, GFP-⌬C170, and GFP-NMHC II-B. In addition, a DNA fragment encoding red flourescent protein (RFP) was amplified from pDsRed1-N1 (Clontech) by using PCR and subcloned into the Eco47III/XhoI site in pEGFP-C3 to replace the EGFP, resulting pRFP-C3. A DNA fragment encoding amino acids 1-1961 of NMHC II-A was cloned into the HindIII/SmaI site in pRFP-C3 to generate pRFP-NMHC II-A (NMHC II-A was under the control of the cytomegalovirus promoter). All constructs were confirmed by sequencing.
Cell Culture and Transfection
HeLa Tet-Off cells (Clontech) were grown in DMEM supplemented with 10% fetal bovine serum (Life Technologies, Rockville, MD). GFP-NMHC II-A, GFP-⌬N592, or GFP-NMHC II-B was cotransfected with plasmid pTK-Hyg (Clontech), which contained the hygromycin-resistant gene. Transfection was carried out by using Lipofectamine (Life Technologies) according to the manufacturer's instructions. Colonies resistant to both 400 g/ml G418 (Life Technologies) and 200 g/ml hygromycin (Life Technologies) were isolated. The resulting colonies were maintained in 100 g/ml G418, 100 g/ml hygromycin, and 1 g/ml doxycycline (Sigma, St. Louis, MO). Expression of the transfected genes was induced by removing doxycycline and was suppressed by adding it back to the culture.
For transient transfection, the various GFP-fusion proteins (NMHC II-A, II-B, ⌬C170, or ⌬N592) were cotransfected with L63RhoA (provided by Dr. Alan Hall, University College London) into HeLa Tet-Off cells by using Lipofectamine (Life Technologies). Twenty-four hours after transfection, the transfected cells were processed for immunofluorescence studies as described below.
Immunofluorescence Studies
Both NMHC II-A and II-B and ⌬N592 stable cell lines were cultured in the absence of doxycycline to induce the expression of NMHC II and ⌬N592. After the expression was confirmed by fluorescence microscopy and Western blot, the cells were trypsinized and grown on coverslips, fixed with 3.7% paraformaldehyde, and permeabilized with 0.5% Triton X-100. Monoclonal antibodies against human vinculin (1:500; Sigma), ␤-tubulin (1:1000; Sigma), Myc (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), and affinity-purified polyclonal rabbit antibodies against amino acid sequences near the carboxy terminus of NMHC II-A and NMHC II-B (anti-C, 1:1000; Phillips et al., 1995) or amino terminus (anti-N; 1:50) of NMHC II-A were used. The human amino acid sequence used to generate these last antibodies was as follows: QAADKYLYVDKNFIN (Simons et al., 1991) . These antibodies were shown to only detect NMHC II-A and not NMHC II-B by using extracts of RBL-2H3 cells (II-A only) and COS-7 cells (II-B only). Incubation with the first antibody was carried out at a temperature of 23°C for 2 h or at 4°C overnight. The secondary antibody was rhodamine-labeled goat anti-mouse IgG or Texas Red-labeled goat anti-rabbit IgG or Alexa350 goat anti-mouse IgG (Molecular Probes, Eugene, OR). F-actin was visualized by rhodamine-phalloidin (Molecular Probes). Incubation with the secondary antibody or phalloidin was carried out at 23°C for 45 min. The coverslips were mounted with ProLong antifade kit (Molecular Probes). The images were collected by a Zeiss LSM 510 confocal microscope (Carl Zeiss, Thornwood, NY).
Immunoblot Analysis
Total cell protein from different stable cell lines was separated by SDS-6% PAGE, transferred to an Immobilon-P transfer membrane (Millipore, Bedford, MA), blocked in 5% nonfat milk, and incubated with anti-rabbit polyclonal antibodies to the carboxy terminus (anti-C; 1:5000) or the amino terminus (anti-N; 1:1000) of NMHC II-A or the carboxy terminus of NMHC II-B (1:100,000) at 4°C overnight. The blot was washed and then incubated with horseradish peroxidase-conjugated secondary antibodies (1:20,000; Pierce, Rockford, IL) at room temperature for 2 h. The blots were visualized by SuperSignal West Pico Luminol/Enhancer solution (Pierce).
Baculovirus Expression of GST-⌬N592 and Actinbinding Assay
A NotI site and a SmaI site were introduced into the 5Ј and 3Ј end of ⌬N592, respectively, by PCR. The resulting PCR fragment containing ⌬N592 was subcloned into the NotI/SmaI site of pAcGHLT-A baculovirus transfer vector (PharMingen, San Diego, CA) generating pAcGHLT-A-⌬N592. The construct was verified by nucleotide sequencing. pAcGHLT-A-⌬N592 was transfected into Sf9 cells (PharMingen) by Insect-Plus insect cell-specific liposome (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. The resulting ⌬N592 virus was coinfected into Sf9 cells with virus Q. Wei and R.S. Adelstein encoding both myosin light chains to increase the solubility of expressed protein (Pato et al., 1996) . GST-⌬N592 was purified by using glutathione beads.
For the actin-binding assay, baculovirus-expressed GST-⌬N592 protein or a cell lysate from HeLa cells containing endogenous myosin was incubated with rabbit skeletal F-actin (provided by James Sellers, National Heart, Lung, and Blood Institute) in 0.5 M NaCl, 1 mM MgCl 2 , 40 mM 3-(N-morpholino)propanesulfonic acid (pH 7.0), 5 mM EGTA, 2 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 1ϫ protein inhibitor mix (PharMingen), on ice for 20 min, in the presence or absence of 2 mM ATP. The incubation mix was sedimented at 543,000 ϫ g at 4°C for 20 min. The pellets were resuspended in the same volume of supernatant. The pellets and supernatant peptides were separated on SDS-6% PAGE, transferred to an Immobilon-P membrane and detected by using an antibody to the carboxy terminus (1:5000; anti-C) of NMHC II-A.
For analysis of possible heterodimer formation between ⌬N592 and endogenous NMHC II-A, extracts of HeLa cells expressing both NMHCs were used. For actin binding in the absence of ATP, the cell lysate was first incubated with 4 units of hexokinase (Sigma) per 200 l of cell lysate in the presence of 1 mM glucose for 30 min at 22°C before the addition of F-actin. Sedimentation and detection of myosin isoforms was as described above.
RESULTS
Inducible Expression of Full-length Myosin II-A, II-B, and ⌬N592-GFP Fusion Proteins
Three different amino-terminal GFP fusion polypeptides were expressed in stably transfected HeLa Tet-Off cell lines. As diagramed in Figure 1 , one GFP fused polypeptide consisted of the full-length human NMHC II-A, the second of NMHC II-B, and the third of a GFP-fused truncated form of the NMHC II-A starting at amino acid 592 and continuing to the carboxy-terminal end, amino acid 1961 (⌬N592). Each of the three polypeptides was expressed only when doxycycline was removed from the HeLa cell culture. These three constructs and a fourth plasmid expressing a GFP-fused polypeptide containing amino acids 1-1791 of NMHC II-A (⌬C170, Figure 1 ) were also used for transient cotransfection with the RhoA dominant active mutant L63RhoA as described below. Figure 2A is an immunoblot by using primary antibodies to NMHC II-A raised to the carboxy-terminal (lanes 1-4) and to the amino-terminal (lanes 5 and 6) amino acid sequence of the NMHC. The immunoblot shows that, in the presence of doxycycline, no full-length GFP-NMHC II-A (lane 1) and no GFP-⌬N592 fragment (lane 3) is expressed, whereas in the absence of doxycycline, both GFP-NMHC II-A and the GFP-⌬N592 fragments are expressed at comparable amounts to the endogenous NMHC II-A (lanes 2 and 4). The figure also shows that antibodies generated to the amino-terminal sequence of human NMHC II-A only recognize the full-length MHC and not the ⌬N592 fragment, which is expressed in the absence of doxycycline ( Figure 2A , lanes 5 and 6). This antibody, in contrast to the carboxyterminal antibody, can therefore be used to distinguish the full-length NMHC from ⌬N592. Lanes 7 and 8 are extracts of HeLa cells stably transfected with GFP-NMHC II-B and immunoblotted with antibodies raised against the carboxyterminal amino acid sequence of NMHC II-B. Lane 7 confirms that this HeLa cell line does not express NMHC II-B, but only NMHC II-A (lane 1). Lane 8 shows that, following withdrawal of doxycycline, these transfected cells express GFP-NMHC II-B.
To characterize the ⌬N592 fragment, we used baculovirus-expressed ⌬N592-GST fusion protein in an actin-binding assay. Figure 2B shows that, unlike endogenous myosin II-A, which binds to actin in the absence, but not the presence of ATP (lanes 5-8), the ⌬N592 fragment was incapable of binding to actin in the presence or absence of ATP (lanes 1-4). To address the question of whether ⌬N592 could form a heterodimer with the endogenous NMHC II-A, the cell extracts from HeLa cells expressing ⌬N592 were analyzed by using an actin-binding assay. As shown in Figure 2C , in the absence of ATP, endogenous full-length NMHC II-A from these cells bound to actin and sedimented in the pellet (lanes 1). In contrast, very little ⌬N592 was sedimented with NMHC II-A and no full-length NMHC II-A remained in the supernatant (lane 2). In the presence of ATP, both endogenous NMHC II-A and ⌬N592 failed to bind to actin and remained in the supernatant (lanes 3 and 4). These results confirmed that ⌬N592 lost its ability to bind to actin. More importantly, they showed that no significant amount of ⌬N592 and NMHC II-A formed heterodimers. cell lines generated with this construct. As another control, we introduced the full-length construct of GFP-NMHC II-B into this HeLa cell line. Expression of this construct did not cause the cells to alter their morphology (Figure 4Aa ). In the cell shown in Figure 4Ac , NMHC II-A (red) was the predominant isoform present in the apices and NMHC II-B (green) was more abundant in the cytoplasm. Both isoforms colocalized in the cortex (yellow). The presence of NMHC II-A in the apices is in contrast to the localization reported by Maupin et al. (1994) for a HeLa cell line that, unlike the one used in these experiments, constitutively expresses both isoforms of myosin. However, the localization pattern seen in Figure 4Ac was not consistently observed in all transfected cells.
Dominant-Negative Effects of Expressed ⌬N592
Stress fibers were not easily visualized in this particular HeLa cell line, even after stimulation by serum or lysophosphatidic acid. We, therefore, transfected these cells with a dominant active mutant of RhoA (L63RhoA), which has been reported to induce stress fiber formation and bundling of actin filaments (Hall, 1998) . As shown in Figure 4B , transiently transfected GFP-NMHC II-A (a), GFP-⌬N592 (b), and GFP-NMHC II-B (d) all form stress fibers. In contrast, GFP-⌬C170, which lacks the assembly competent domain in the myosin rod (Sohn et al., 1997;  Figure 4Bc ), does not form stress fibers.
Expression of ⌬N592 Causes Reversible Disruption of Myosin Filaments
Because ⌬N592 contains the entire rod and tail region of NMHC II-A, we expected that it would be incorporated into the endogenous myosin filaments, but that it might interfere with myosin function because it lacks the ATP-binding region and cannot interact with actin ( Figure 2B) . Figure 5A details the change in HeLa cell morphology following the expression of GFP-⌬N592. The left images are confocal images of GFP-⌬N592 transfected cells and the middle images are rhodamine images of endogenous NMHC II-A detected with an antibody raised to the NH 2 -terminal sequence. These antibodies distinguish between ⌬N592 and the endogenous myosin because the former, truncated peptide, lacks amino acids 1-591. The images on the right merge the two images.
In the presence of doxycycline (i.e., when ⌬N592 is not expressed), ⌬N592 transfected HeLa cells have organized myosin filaments and maintain a typical flattened morphology (endogenous myosin detected with a rhodamineconjugated 2°antibody) ( Figure 5A , b and c). After being replated for 1 d in the absence of doxycycline, the ⌬N592 fragment can be detected by itself (green) as well as colocalizing with the endogenous myosin filaments (orange and yellow areas, Figure 5Af ). By day 2, the cells begin to lose their organized myosin filaments and take on a more rounded shape, which is easily seen by day 4. Note that the colocalization of the ⌬N592 with endogenous NMHC II-A continues in the rounded cells (yellow color, Figure 5A , i and l).
In contrast to the 4 days that were required for the development of the phenotype following expression of ⌬N592, GFP-⌬N592 expression was completely repressed and the flattened morphology of the HeLa cells was restored within 16 h after addition of doxycycline to the culture ( Figure  5Ao ). Figure 5B demonstrates evidence for incorporation of ⌬N592 into myosin II-A filaments in cells transiently transfected with L63RhoA, GFP-⌬N592, and RFP-NMHC II-A. The yellow filaments contain both the truncated and fulllength myosin. We made use of the RFP-NMHC II-A construct because the antibody to the NH 2 -terminal end of endogenous myosin II-A did not detect the bundled filaments following transfection with L63RhoA.
Rearrangement of Actin Filaments Induced by Expression of ⌬N592
Because actin filaments play a major role in defining cell polarity and morphology, we used rhodamine-labeled phalloidin to visualize actin in cells expressing full-length GFP-NMHC II-A and the GFP-⌬N592 construct. Figure 6A , a-c, are confocal images of GFP-NMHC II-A, phalloidin-labeled actin, and a merged image, respectively, in cells in the absence of doxycycline. Both actin (red) and myosin (green) fibers can be visualized and, in some areas, they colocalize (yellow, orange). Introduction of the GFP-⌬N592 construct, in the presence of doxycycline, had no effect on the actin filaments ( Figure 6A , e and f), whereas expression of the ⌬N592 fragment showed that, in some areas, similar to the full-length NMHC, it colocalized with actin filaments (yellow, orange) and some areas it could be detected alone (Figure 6Ai ). When cells were cultured in the absence of doxycycline for 4 d, they began to round up and the actin filaments were rearranged ( Figure 6A , k and l). Figure 6B shows three different focal planes of a representative field with two rounded cells (indicated by arrows) and one flattened cell (indicated by an arrowhead). The two rounded cells expressing GFP-⌬N592 show rearrangement of actin filaments, whereas the flattened cell (not expressing ⌬N592) shows organized actin filaments ( Figure 6B , c, f, and i).
Disruption of Focal Adhesion Complexes by Expression of GFP-⌬N592
We also examined the HeLa cells to see whether disruption of the actin-myosin filament network induced by the expression of GFP-⌬N592 had any effect on focal adhesion complexes because actin stress fibers are known to be associated with these complexes. 
⌬N592 Does Not Interfere with Cytokinesis
We noted that HeLa cells transfected with GFP-⌬N592 were capable of undergoing mitosis, even in the absence of doxycycline. This suggested that ⌬N592 might not localize to the cleavage furrow during cytokinesis. Therefore, we studied the localization of three different NMHC constructs, GFP-NMHC II-A, GFP-⌬N592, and GFP-NMHC II-B, in stably transfected HeLa cells during cytokinesis, while visualizing tubulin with a rhodamine-labeled antibody (red). Figure 8 , c and d, show that GFP-NMHC II-A introduced into these HeLa cells can localize to the contractile ring during telophase. In contrast, GFP-⌬N592, which shows a similar distribution to full-length myosin II-A during prophase and metaphase, although forming somewhat larger aggregates, did not localize to the cytokinetic ring during telophase (Figure 8, g and h) . This suggested that either all or part of the missing fragment (a.a. 1-591) might be required for localization of the MHC. As a control, we expressed fulllength NMHC II-B, which is not present in this cell line 
DISCUSSION
In this article, we demonstrate that nonmuscle myosin II-A is required for the maintenance of cell morphology. The truncated myosin fragment (⌬N592) used in our study has been shown to act as a dominant-negative fragment, by being incorporated into the myosin filaments and actin stress fibers, and thereby destabilizing focal adhesions and leading to cell rounding.
Myosin II filament formation has been studied intensively revealing that the coiled-coil tail region of nonmuscle myosin is required for filament formation (Warrick and Spudich, 1987; Moores and Spudich, 1998; Murakami et al., 1998) . A detailed study of skeletal muscle myosin showed that a sequence of 29 amino acids near the carboxy terminus, referred to as the assembly competence domain (ACD), is critical for myosin filament assembly (Sohn et al., 1997) . ⌬N592, which retains the ACD, is able to form filaments when transfected into HeLa cells, although some evidence for aggregation can be seen, particularly just before cytokinesis. Using antibodies specific to the amino terminus of the endogenous full-length myosin and a GFP-labeled truncated construct, we found evidence for colocalization of the two isoforms as early as day 1 following replating. This colocalization persists throughout the 3 d that are required for the cells to lose their flattened morphology and round up. RhoA has been shown to induce stress fiber formation (Hall, 1998) . In this work, we also demonstrate that expression of a dominant active mutant of RhoA, L63RhoA, leads to the bundling of stress fibers containing GFP-tagged NMHC II-A, II-B, and ⌬N592 filaments. However, deletion of the carboxy-terminal sequence (a.a. 1792-1961) that includes the ACD from both full-length GFP-NMHC II-A (Figure 4Bc ) and GFP-⌬N592 (our unpublished data) results in diffuse distribution of these GFP-fusion peptides. These results agree with a previous report that studied sarcomeric myosin assembly (Sohn et al., 1997) .
⌬N592 is missing the ATP-binding region, but does contain the actin-binding region (Rayment et al., 1993) . However, ⌬N592 has lost the ability to bind to actin, confirming that the binding of myosin to actin requires a specific tertiary structure of the myosin head and that deletion of amino acids 1-591 disrupts this tertiary structure. Thus, ⌬N592 retains the property of filament assembly and the ability to be incorporated into endogenous myosin, but cannot bind to actin, allowing it to act as a dominant-negative mutant in the HeLa Tet-Off cells. We found no evidence for the formation of a significant amount of heterodimers between endogenous NMHC II-A and GFP-⌬N592. Figure 2C shows that practically none of the ⌬N592 construct cosedimented with full-length NMHC II-A bound to actin in the absence of ATP and only homodimers of ⌬N592 remained in the supernatant. This result, together with the absence of full-length NMHC II-A in immunoprecipitates when antibodies to GFP were used to immunoprecipitate GFP-⌬N592 from HeLa cells expressing both isoforms (our unpublished data), suggested that the formation of heterodimers between ⌬N592 and endogenous NMHC II-A does not play a major role in the morphological changes in these HeLa cells.
Expression of the ⌬N592 construct in HeLa cells induced a marked alteration in cell morphology, resulting in a loss of focal adhesions and assumption of a round shape by Ͼ70% of the cells. It is of note that it took 3 to 5 d for the transfected cells to round up. This is not because of a delay in the induction of the expression of ⌬N592 following removal of doxycycline because the cell lines were allowed to express the transgene for at least 24 h before being replated and analyzed, and the expression level of ⌬N592 did not change after this time point. We also confirmed that the expression of ⌬N592 did not have an effect on the expression of endogenous NMHC II-A (Figure 2A, lanes 3 and 4) . Therefore, one explanation is that ⌬N592 can only be incorporated very slowly into the dynamic myosin filament assembly-disassembly process described previously by Giuliano and Taylor (1990) . In contrast, the rounded morphology of HeLa cells reversed to a spindle morphology within 16 h after readdition of doxycycline and organized myosin filaments reappeared, suggesting that the endogenous myosin is quickly Q. Wei and R.S. Adelstein reassembled into functional bipolar filaments, which are required for the restoration of the normal flattened morphology. It is also possible that the ⌬N592 fragment is degraded much more rapidly than the endogenous myosin.
A round cell morphology is associated with both normal and pathological cellular processes, such as cell transformation, mitosis, and apoptosis. For example, transformed cells are devoid of stress fibers and it has been reported that disruption of the actomyosin-cortactin complex plays a role in the ras-induced transformation of NIH3T3 cells (He et al., 1998) . However, at present, we have no evidence that these HeLa cells have undergone transformation following the . GFP-⌬N592 does not localize to the cytokinetic ring. GFP-NMHC II-A is distributed throughout the cytoplasm during prophase and metaphase (a and b) and localized to the cleavage furrow during early telophase (c) and the midbody during late telophase (d). ⌬N592 shows a similar distribution to full-length myosin II-A during prophase and metaphase, although forming more aggregates (eh). Note, however, that, unlike fulllength NMHC II-A, it does not localize to the cleavage furrow during early telophase (g) or the midbody during late telophase (h). Transfection of HeLa cells with GFP-NMHC II-B, which is not normally expressed in these cells, shows that similar to full-length GFP-NMHC II-A, and in contrast to ⌬N592, it localized to the cleavage furrow during early telophase (k) and the midbody during late telophase (i). Tubulin is detected by a rhodamine-labeled secondary antibody (red). Bar, 5 m. loss of NMHC II-A function. The rounded cells induced by expression of ⌬N592 are not undergoing apoptosis because neither an apoptotic nucleus nor DNA fragmentation was found (our unpublished data). During mitosis, cells lose both their actomyosin stress fibers and focal adhesions. Currently, the mechanism underlying cell rounding with the onset of mitosis is unclear, but spatial rearrangement and/or disruption of actomyosin fibers is believed to play a role in this process. Several studies have suggested that inactivation of myosin Mg 2ϩ -ATPase activity is correlated with the cell rounding at mitosis Yamakita et al., 1994) . Furthermore, inhibition of myosin Mg 2ϩ -ATPase activity by butanedione monoxime did not block cell rounding during mitosis, suggesting that myosin activity is not required (Cramer and Mitchison, 1997) . When cells exit mitosis, the rounded mitotic cells begin to spread with reappearance of actomyosin stress fibers and focal adhesions. It has been shown that nonmuscle myosin is involved in postmitotic cell spreading based on butanedione monoxime inhibition experiments (Cramer and Mitchison, 1995) . Their findings suggest two possibilities for the cell rounding induced by the expression of ⌬N592 with respect to cell mitosis. First, the mitotic cells could not spread normally after exiting mitosis because myosin functions were interrupted by ⌬N592. Second, mitotic cells are able to spread upon exiting mitosis, but round up later because of the disruption of myosin functions. We believe each of these possibilities could account for the alteration in morphology induced by the expression of ⌬N592.
Maintenance and alteration of cell morphology is an important consequence of the signal transduction pathways between cells and also between the extracellular matrix and cells. For example, Swiss 3T3 cells rounded up with disruption of stress fibers following microinjection of the RhoA inhibitor c3 transferase (Paterson et al., 1990) . Moreover, cell rounding induced by the loss of stress fibers and focal adhesions has also been reported in Swiss 3T3 cells expressing Rnd1, a member of the Rho family (Nobes et al., 1998) . In most, but not all studies, the effect on the actin cytoskeleton was analyzed and emphasized. In contrast, ChrzanowskaWodnicka and and the present study focus on the role of nonmuscle myosin II. Whereas the former study emphasizes the role of myosin phosphorylation, the present study emphasizes the importance of myosin filament formation in maintaining focal adhesion and normal cell morphology.
Despite their abnormal, rounded morphology, the cells transfected with ⌬N592 were capable of undergoing cytokinesis. Although, at first, this seemed to contradict the dominant-negative effect found with respect to cell morphology and focal adhesion distribution, confocal microscopy of the mitotic cells showed that, unlike the nonmitotic cells, ⌬N592 was not incorporated into the endogenous filaments of mitotic cells, nor could it localize to the cleavage furrow, as did the full-length NMHC II-A. This suggested that, unlike the findings of Spudich and colleagues for Dictyostelium myosin (Zang et al., 1997; Zang and Spudich, 1998) , mammalian myosin II requires a sequence(s) amino terminal to residue 592 to localize to the cleavage furrow. We also expressed NMHC II-B, an isoform not found in this line of HeLa cells, and found that it was capable of localizing to the cleavage furrow along with the endogenous NMHC II-A. However, further studies will be needed to determine which residues in the 591 a.a. amino-terminal fragment are required for localization of NMHC II-B.
One important function of nonmuscle myosin II filaments is to mediate the tension on actin filaments that are involved in the clustering of the integrin molecules that make up the focal adhesions. Because vinculin is a known component of these cell-matrix structures, we reasoned that disruption of the myosin filaments might result in a redistribution of vinculin. In Figure 7 , we show that expression of the dominant-negative mutant ⌬N592 causes a redistribution of vinculin in the HeLa cells along with a loss of focal adhesion. Taken together, these data strongly support a role for nonmuscle myosin II in normal cell morphology and in formation of focal adhesions.
